Most of the infectious and metabolic diseases of dairy cows that affect their well-being and profitability occur during the transition period \[[@r1], [@r2]\], which spans from 3 weeks before parturition to 3 weeks after \[[@r3]\]. Bacterial contamination of the uterus most commonly occurs during the first week postpartum and persists for 2 weeks in 90% of animals \[[@r4], [@r5]\]. Concurrent alteration in the uterine defense system might cause uterine diseases. Several studies report that 40% of cows experience metritis within 2 weeks of calving, and 15% experience persistent endometritis 3--6 weeks postpartum \[[@r4], [@r5]\]. Infections caused by *Trueperella pyogenes*, *Fusobacterium necrophorum,* and *Proteus* spp. have been associated with purulent vaginal discharge, and, when considered independently, *T. pyogenes* exhibited an increased risk of occurrence of fetid vaginal mucus odor \[[@r6]\].

The problem faced by transitioning dairy cows is that decreased dry matter intake (DMI) during the transition period results in minimal glucose absorption from the digestive tract because of the limited synthesis and availability of propionate in the rumen; consequently, the high glucose demand cannot be met by the feed intake \[[@r7]\]. Propionate concentration is also restricted by the decreased feed intake; therefore, cows rely on the breakdown of skeletal muscle and adipose tissues to supply amino acids and glycerol for gluconeogenesis. Low insulin concentrations enable extensive mobilization of long-chain fatty acids from the adipose tissues, thus triggering an increase in the concentrations of circulating non-esterified fatty acids (NEFAs). Circulating NEFA concentrations also increase in response to the simultaneous increase in energy demand and inadequate feed intake \[[@r8]\]. This negative energy balance is detected clinically through evaluation of alterations in blood metabolite concentrations, such as increased NEFA and β-hydroxybutyric acid (BHBA) concentrations, which are indicative of lipid mobilization and fatty acid oxidation, respectively \[[@r9]\].

Metabolic profile analysis has been used to investigate possible relationships between dietary energy intake and fertility in dairy cows; however, no clear pattern has emerged \[[@r10]\]. Marked loss of body condition between the dry and post-calving periods is associated with unfavorable changes in body condition during early lactation, increased incidence of postpartum metabolic and reproductive diseases, decreased total cholesterol levels during the first month of lactation, and longer intervals to first breeding after calving in Holstein dairy cows \[[@r11]\]. Plasma glucose concentrations can be used to monitor the energy balance in cows, with low glucose concentrations during the postpartum period reported to be associated with a significant decrease in reproductive efficiency \[[@r12]\]. The plasma concentrations of BHBA and NEFA can be used to monitor the degree of body fat mobilization after the onset of lactation. However, plasma BHBA concentration is not correlated with fertility indicators in dairy cows \[[@r13]\]. Plasma NEFA concentrations during the dry and early lactation periods have been reported to be correlated with postpartum ovarian function; however no such trend has been observed in the later postpartum period \[[@r14]\]. Body condition scores (BCS) are used as a means of appraisal of body fat and muscle content in dairy cattle. Variation in BCS is an indirect measure of fat metabolism, and, consequently, it correlates to the other metabolic parameters, particularly NEFA and BHBA \[[@r15]\].

The hypothesis in the present study is that variations in the pre and postpartum concentrations of certain metabolic parameters could serve as indicators of persistent uterine bacterial infection in postpartum dairy cows. While the severity of uterine infection is dependent, in part, on the bacterial species present, the establishment and persistence of uterine infection is influenced by several risk factors. Infections by *T. pyogenes* and anaerobic bacteria are correlated with increases in endometrial inflammation and disease severity \[[@r6]\]. Identification of risk factors for postpartum uterine bacterial infection will improve our understanding of the underlying mechanisms of pathogenesis of clinical and subclinical endometritis \[[@r16]\]. Early identification of cows at risk for endometritis could not only allow targeted intervention, but also serve as a basis for change in management practices for the prevention of this disease \[[@r16]\].

Few publications have described the relationships between metabolic disorders, BCS, and chronic postpartum uterine infection under field conditions. The objective of the present study was to investigate the association of pre and postpartum variations in blood metabolite concentrations and BCS with the incidence of persistent bacterial colonization, specifically by *T. pyogenes* and anaerobic bacteria, in the uteri of Holstein cows.

Materials and Methods {#s1}
=====================

Animals and uterine sampling
----------------------------

The study was conducted in 64 cows at three dairy farms in the Iwate Prefecture, Japan. The mean parity of the cows was 2.6 ± 0.1 (range, 1 to 6). The cows were examined at 3 weeks (W-3) and 1 week (W-1) before calving and at 3 (W3), 5 (W5) and 7 (W7) weeks after calving. The vaginal mucus discharge scores were evaluated using sterile Metricheck devices (Simcro Tech, Hamilton, New Zealand) at W5 and W7. Clear mucus was scored 0; mucus containing flecks of white pus was scored 1; discharge composed of less than 50% white mucopurulent material was scored 2; discharge composed of more than 50% white or yellow pus was scored 3; and discharge composed of more than 50% white or yellow pus with a fetid odor was scored 4 \[[@r5]\]. Uterine swab samples (n = 128) were collected from all of the cows at W5 and W7 using cytobrushes (Puritan Medical Products, Guilford, ME, USA) adapted for use in cattle, as described by Ghanem *et al.* \[[@r17]\]. The ovarian status was assessed by evaluation of the plasma progesterone levels. Cows with plasma progesterone concentrations ≥ 1.0 ng/ml at W5 and W7 were considered to be in the luteal phase, while those with progesterone concentrations \< 1.0 ng/ml at W5 and W7 were considered to either be in the follicular phase or not have resumed postpartum ovarian activity. The cows were fed a total mixed ration comprising corn silage, grass silage, and concentrates. The study protocol was approved by the Institutional Animal Care and Use Committee of the Iwate University.

Bacterial culture at 5 and 7 weeks postpartum
---------------------------------------------

Sterile swabs were rolled against the cytobrushes, placed in transport medium on-site, and transported to the laboratory for analysis. The samples were inoculated on blood, chocolate, and deoxycholate-hydrogen sulfide-lactose (DHL) agar media and incubated at 35.0 ± 1.0°C under aerobic conditions. The samples were also inoculated on BHK agar medium and incubated at 35.0 ± 1.0°C under anaerobic conditions. Bacterial colonies grown under aerobic conditions were harvested at 24 and 48 h and those grown under anaerobic conditions were harvested at 48 h. In cases where no colonies were observed at 48 h under any of these conditions, the samples were inoculated on Gifu Anaerobic Medium (GAM) semisolid for enrichment and incubated at 35.0 ± 1.0°C under aerobic conditions. Bacterial growth was monitored at 24, 48, and 72 h. Semisolid GAM allows bacterial growth under both aerobic (medium surface) and anaerobic (medium interior) conditions. In cases where bacterial growth was observed, one drop of the semisolid GAM was inoculated onto each of the previously mentioned agar media plates and incubated under aerobic or anaerobic conditions. Bacterial species were identified by standard laboratory procedures \[[@r18]\]. Bacterial isolates were classified as either aerobic bacteria requiring oxygen as a terminal electron acceptor and unable to grow in the absence of oxygen or anaerobic bacteria that do not use oxygen for growth and metabolism but, instead, generate energy through fermentation. Facultative anaerobes were defined as isolates able to grow both oxidatively using oxygen and anaerobically by fermentation \[[@r19]\].

Classification of cows according to the presence of bacterial infection
-----------------------------------------------------------------------

The 64 cows were classified according to the status of bacterial infection, determined by bacterial culture, as follows --- negative for bacterial infection at both W5 and W7; positive for bacterial infection at W5 and negative at W7; positive for bacterial infection at W7 and negative at W5; and positive for bacterial infection at both W5 and W7 (persistent uterine bacterial infection).

Diagnosis of cytological endometritis at 5 and 7 weeks postpartum
-----------------------------------------------------------------

Samples for cytological analysis were prepared by rolling the cytobrushes on sterile glass slides and immediately fixing the slides on-site using a cytofixative agent (Cytokeep II, Alfresa Pharma, Osaka, Japan). The slides were then transported to the laboratory within 3 h and stained using the Diff-Quik stain (Sysmex, Kobe, Japan) for 20 sec. The percentage of neutrophils (PMN) was evaluated as described by Ghanem *et al.* \[[@r17]\]. The threshold values for PMN indicating subclinical endometritis were ≥ 6% at W5 and ≥ 4% at W7 \[[@r20]\].

Blood sampling and plasma metabolite measurements
-------------------------------------------------

Blood samples were collected from the coccygeal vein at W-3, W-1, W3, W5, and W7 using vacuum heparinized tubes and transported on ice to the laboratory. Within 3 h of collection, plasma was separated by centrifugation at 2000 × *g* for 15 min, harvested, and stored at −20°C until further analysis. The blood glucose, total cholesterol (T-cho), blood urea nitrogen (BUN), NEFA, and BHBA concentrations of each of the samples were measured using an operationally-enhanced random access analyzer (Accute, Toshiba Medical Systems, Tokyo, Japan) using kinetic enzymatic assay kits (NEFA-HA Wako test kit, Autokit-3HB Wako test kit for BHBA; Wako Pure Chemical Industries, Osaka, Japan; Glucose HK Riki tech test kit, BUN Riki tech test kit, and T-cho \[TCII\] Riki tech test kit; Roche Diagnostics, Tokyo, Japan) according to the manufacturers' instructions. The assay system has previously been verified for use in cattle, and the threshold measurements for the plasma metabolites were as follows: NEFA, ≤ 2.00 μEq/l; BHBA, 1.17--1000 μM; glucose, 2--750 mg/dl; BUN, 0.5--150 mg/dl; and T-cho, 5--800 mg/dl \[[@r21]\]. The intra and inter-assay coefficients of variation were \< 5%.

Body condition scores
---------------------

The BCS of each cow was evaluated on a 5-point scale with increments of 0.25, at W-3, W3, and W7, as described by Ferguson *et al.* \[[@r22]\].

Statistical analyses
--------------------

The vaginal mucus scores and PMNs at W5 and W7 were evaluated according to the status of uterine bacterial infection using the Kruskal-Wallis test followed by the Dunn's test for multiple comparisons. All data were tested for normality by the D'Agostino-Pearson omnibus test. The concentrations of different blood metabolites (glucose, T-cho, BUN, NEFA, and BHBA) at different pre and postpartum time points (W-3, W-1, W3, W5 and W7) were analyzed by two-way analysis of variance (ANOVA) in order to determine any possible associations in cows with different infection statuses --- uninfected at W5 and W7, positive for infection at W5 but not W7, positive for infection at W7 but not W5, and persistent bacterial infection. Multiple comparisons and separation of means were performed using the Duncan's multiple range test (IBM SPSS Statistics version 21, IBM Japan, Tokyo, Japan). In the presence of significant association between the pre or postpartum time and status of infection, the effects of such association were analyzed using the MSTAT-C software (Michigan State University, East Lansing, USA). Correlations between the various blood metabolite concentrations, BCS, and presence of persistent bacterial uterine infection at W5 and W7 were analyzed using the Pearson's correlation test (GraphPad Prism Version 5.01, GraphPad Software, San Diego, USA). Significance was designated at P \< 0.05.

Results {#s2}
=======

History, PMN, and cervical mucus discharge in cows at W5 and W7
---------------------------------------------------------------

Of the 64 cows included in the present study, 31 exhibited no uterine bacterial infection at either W5 or W7, 11 exhibited bacterial infection at W5 but not W7, 12 exhibited bacterial infection at W7 but not W5, and the remaining 10 exhibited bacterial infection at both W5 and W7 (persistent uterine bacterial infection) ([Table 1](#tbl_001){ref-type="table"}Table 1.Parity, PMN, vaginal mucus score and ovarian status (mean ± SD) in cows with and without persistent bacterial infection at 5 (W5) and 7 (W7) weeks postpartumParametersNo.ParityPMN, %Vaginal mucus scoreCows in the luteal phase, n (%)W5W7W5W7W5W7Cows negative for bacterial infection at both W5 and W7312.3 ± 1.41.7 ± 3.7 ^a^2.9 ± 3.4 ^a^0.8 ± 0.7 ^a^1.0 ± 0.9 ^a^10 (32.3%)12 (38.7%)Cows positive for bacterial infection at W5 but not W7111.8 ± 0.810.1 ± 12.7 ^ab^6.5 ± 12.4 ^a^1.5 ± 1.3 ^ab^1.3 ± 0.8 ^ab^3 (27.3%)4 (36.4%)Cows positive for bacterial infection at W7 but not W5122.7 ± 1.75.5 ± 9.0 ^a^1.9 ± 3.4 ^a^1.2 ± 0.8 ^ab^1.3 ± 0.8 ^ab^7 (58.3%)9 (75.0%)Cows positive for bacterial infection at both W5 and W7103.1 ± 0.818.8 ± 11.9 ^b^21.8 ± 14.6 ^b^2.6 ± 1.4 ^b^2.6 ± 1.3 ^b^6 (60.0%)8 (80.0%)P value\*0.20.00030.00010.0010.008PMN: percentage of neutrophils determined by cytological examination. \* Significant difference in PMN and vaginal mucus score according to the presence of bacterial infection within each data column (Kruskal-Wallis test). Different superscript letters within the same column indicate significant differences.). Of the 10 cows with persistent uterine bacterial infection, 2 had a history of retained placenta and 1 of dystocia. Among the cows with infection at W5 but not W7 and at W7 but not W5, 1 cow each had a history of dystocia. Of the 31 cows negative for bacterial infection, 1 had a history of stillbirth.

The PMN was significantly higher in cows with persistent uterine bacterial infection than that in cows without uterine infection at W5 and W7 (P \< 0.001). Cows with persistent uterine bacterial infection exhibited higher vaginal mucus scores than those without uterine infection at W5 and W7 (P \< 0.01; [Table 1](#tbl_001){ref-type="table"}).

Based on the presence of plasma progesterone concentrations ≥ 1.0 ng/ml at W5 and W7, 26 (40.6%) and 33 (51.6%) cows, respectively, were considered to be in the luteal phase ([Table 1](#tbl_001){ref-type="table"}).

Pre and postpartum blood metabolite concentrations in cows with or without persistent infection at W5 and W7
------------------------------------------------------------------------------------------------------------

The association between blood glucose concentrations at different times (W-3, W-1, W3, W5 and W7) and the status of uterine bacterial infection (uninfected at W5 and W7, positive for infection at W5 but not W7, positive for infection at W7 but not W5, and persistent bacterial infection) was almost significant (P = 0.05). The blood glucose concentrations at W-3 and W-1 were significantly decreased in cows with persistent bacterial infection compared to those in cows without infection at W5 and W7, positive for infection at W5 but not W7, and positive for infection at W7 but not W5 (P \< 0.05). There were no significant differences in the pre and postpartum T-cho concentrations between cows with persistent infection at W5 and W7 and those without persistent infection during the experimental period (from W-3 to W7). The association between the pre or postpartum time and status of infection was also insignificant (P = 0.98), which indicated that the plasma concentration of T-cho had no influence on postpartum uterine bacterial infection. The total BUN concentrations were significantly lower (P \< 0.01) in cows with persistent bacterial infection than those in cows without infection at W5 and W7, positive for infection at W5 but not W7, and positive for infection at W7 but not W5; however, the association between the pre or postpartum time and status of infection was not significant (P = 0.32). The total NEFA concentrations in cows with persistent bacterial infection were similar to those in cows without infection as well as cows positive for infection at W5 but not W7; however the association between the pre or postpartum time and status of infection was not significant (P = 0.42). The pre and postpartum BHBA concentrations were not associated (P = 0.88) with persistent postpartum uterine bacterial infection and exhibited no significant differences (P = 0.43) between cows with and without persistent infection during the experimental period (from W-3 to W7) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Blood metabolite concentrations and body condition scores (mean ± SD) in cows of different test groups --- negative for infection (Neg-Neg) at 5 (W5) and 7 (W7) weeks after calving, positive for infection at W5 but not W7 (Inf-Neg), positive for infection at W7 but not W5 (Neg-Inf), and persistent uterine bacterial infection at W5 and W7 (Inf-Inf).).

Pre and postpartum variations in BCS in cows with and without bacterial infection at W5 and W7
----------------------------------------------------------------------------------------------

The BCS in cows with persistent bacterial infection were significantly lower (P \< 0.01) than those in cows positive for infection at W5 but not W7 and at W7 but not W5; however, the association between the pre or postpartum time and status of infection was not significant (P = 0.25).

Correlation of blood metabolite concentrations and BCS with persistent uterine bacterial infection
--------------------------------------------------------------------------------------------------

The concentrations of blood glucose at W-3 and W-1 were negatively correlated with the incidence of persistent bacterial infection at W5 and W7 (P \< 0.01; [Table 2](#tbl_002){ref-type="table"}Table 2.Pearson correlation coefficients (*r*) of the relationship between persistence of bacterial infection in the uterus, concentrations of different blood metabolites, and body condition scoresW-3W-1W3W5W7*r*P*r*P*r*P*r*P*r*PGlucose--0.440.0002--0.390.001--0.160.20.050.64--0.090.45T-cho--0.110.3--0.050.7--0.170.2--0.100.4--0.110.4BUN--0.040.7--0.090.5--0.320.008--0.300.02--0.290.02NEFA--0.150.2--0.130.30.030.8--0.130.3--0.010.9BHBA0.20.1--0.030.8--0.170.2--0.250.04--0.020.9BCS--0.100.4--0.330.007--0.230.06Values of P \< 0.05 indicate significant differences. The blood glucose, total cholesterol (T-cho), blood urea nitrogen (BUN), non-esterified fatty acid (NEFA), and β-hydroxybutyric acid (BHBA) concentrations were analyzed at 3 weeks (W-3) and 1 week (W-1) prepartum and 3, 5, and 7 weeks (W3, W5, and W7, respectively) postpartum. The body condition scores (BCS) were evaluated at W-3, W3, and W7.). Additionally, the concentrations of BUN at W3 (P \< 0.01), W5 (P \< 0.05), and W7 (P \< 0.05) as well as the BCS at W3 (P \< 0.01) were also negatively correlated with the incidence of persistent postpartum bacterial infection. The NEFA and BHBA concentrations were not correlated with persistent postpartum bacterial infection.

Discussion {#s3}
==========

In the present study, few of the cows without infection exhibited subclinical endometritis at W5 and most cows with bacterial infection exhibited no subclinical endometritis at W7. In a previous study, Ghanem *et al.* \[[@r23]\] reported that while some cows presented with cytological endometritis without clinical endometritis, some others presented with clinical endometritis without cytological endometritis. The assumption that purulent vaginal discharge is associated with endometrial inflammation has never been validated \[[@r20]\]. Cytological endometritis might reflect the presence of uterine inflammation, leading sometimes, but not always, to the drainage of purulent material into the vagina. It is also unclear whether purulent vaginal discharge can lead to cytological endometritis \[[@r20]\]. In the present study, cows positive for bacterial infection at W5 but not W7 exhibited a PMN of 6.5 ± 12.4 at W7, which indicated that most cows without infection at W7 had subclinical endometritis. This might be due to the ability of the uterus to eliminate infection at W7 regardless of the time taken for the reduction of the PMN in the endometrium after bacterial clearance. This point needs to be further investigated, taking into account the possible role of immune mediators such as interleukins and tumor necrosis factors and their relationship with neutrophils in the uterus.

Several studies have reported contradictory results regarding the relationship between the indicators of energy balance and the reproductive performance of dairy cows \[[@r24]\]. In the present study, the blood glucose concentration at W-3 and W-1 were markedly lower in cows with persistent postpartum bacterial infection than those in the other cows. Interestingly, the prepartum blood glucose concentrations were negatively correlated with the incidence of persistent postpartum bacterial infection, which indicates a negative energy balance in cows exhibiting persistent bacterial infection at W5 and W7. This decrease in glucose concentrations might be due, in part, to inadequate DMI; however, a more important contributor is the increased clearance of glucose from blood as a result of nutrient partitioning, which directs glucose towards the insulin-insensitive tissues, primarily the mammary gland \[[@r25]\]. These findings are supported by those of Nazifi *et al.* \[[@r26]\], who found that cows with uterine infection suffer disturbances in energy metabolism until 4 weeks postpartum as well as delay in the physiological adaptations required to meet their energy needs. This delay might potentially be confirmed by decreased blood glucose concentrations at 4 and 6 weeks postpartum in cows diagnosed with endometritis at 6 weeks postpartum \[[@r21]\].

In the present study, there were no significant differences in the T-cho concentrations among cows with or without uterine bacterial infection. However, Ruegg *et al.* \[[@r27]\] reported that the concentration of cholesterol during the early lactation period was inversely related to the loss of body condition. These variations in cholesterol concentrations may also be partly explained by the low DMI during transition, which compromises exogenous cholesterol supply \[[@r28]\].

The concentrations of BUN at W3, W5, and W7 were negatively correlated with persistent postpartum bacterial infection. Low concentrations of BUN (\< 9 mg/dl) at 2 and 4 weeks postpartum were reported as being risk factors for the development of endometritis by 5 and 6 weeks postpartum, respectively \[[@r21]\]; another study reported that low BUN concentrations indicated increased potential for deficient protein feeding and decreased production in dairy cows \[[@r29]\]. Huzzey *et al.* \[[@r30]\] reported that cows with uterine diseases at 3 weeks postpartum consumed less dry matter during the transition period than healthy cows. Although no data regarding DMI were available, it is possible that the DMI in the animals included in our study might have been reduced in the early postpartum period. Since no information was available regarding the chemical composition of the feed in the present study, future research focusing on the effects of animal feed constituents such as rumen-degradable proteins and non-fiber carbohydrates on BUN concentration and uterine infection is warranted.

The results of analysis of our data, generated under field conditions, revealed no associations between the concentrations of NEFA and BHBA at different pre and postpartum time points and the status of uterine infection. In general, the NEFA and BHBA concentrations increase immediately after calving, following which, these values tend to decrease with time. The non-correlation of these factors with persistent uterine infection might be because of the sampling time points evaluated in this study. In contrast to our findings, other studies have reported decreased fertility in cows because of elevated NEFA \[[@r31]\] and BHBA \[[@r32], [@r33]\] concentrations. Hammon *et al.* \[[@r34]\] reported significantly higher prepartum concentrations of NEFA and BHBA in cows that developed endometritis postpartum than those in cows that remained healthy postpartum. Elevated prepartum plasma concentrations of NEFA and postpartum plasma concentrations of BHBA were associated with the incidence of uterine disorders later during lactation \[[@r16]\]. Moreover, elevated serum BHBA concentrations during the first 2 weeks postpartum indicated an increased risk of metritis \[[@r35]\], which is a common precursor to clinical and subclinical endometritis \[[@r33]\]. The present study was conducted using similar protocols as some of the recent studies \[[@r24], [@r36]\]. However, in one of these prior studies, the plasma concentrations of NEFA and BHBA during early lactation showed no association with metritis \[[@r24]\], and Burke *et al.* \[[@r36]\] reported no difference in NEFA concentrations between cows with subclinical endometritis and those without endometritis. Differences in the experimental design, methodology, and disease definition might have contributed to these discrepancies.

In the present study, the BCS in cows with persistent bacterial infection were significantly lower (P \< 0.01) than those in cows positive for infection at W5 but not W7 and at W7 but not W5; however, the association between the pre or postpartum BCS and status of infection was not significant. Moreover, the BCS at W3 were negatively correlated with the persistence of postpartum bacterial infection. Hoedemaker *et al.* \[[@r37]\] reported that cows with low BCS at parturition were at a higher risk of developing endometritis than cows with BCS \> 3.0. In addition, cows with low BCS at calving and during early lactation were reported as being at a higher risk of suffering lameness, non-cycling at W3 or W5, and being culled than cows in better body condition. Notably, Ruegg and Milton \[[@r38]\] reported no association between decreased BCS during lactation and increased incidence of metabolic diseases. Taken together, the results of the present study confirm that variations in the concentrations of select metabolites, specifically blood glucose, during the transition period (W-3 to W-1) might be related to the postpartum persistence of uterine bacterial infection, diagnosed by endometrial cytological examination. These findings highlight the benefits of identifying cows at risk of developing uterine infection around the calving period in terms of early implementation of preventive strategies.

In conclusion, prepartum decrease in blood glucose concentrations might be an important risk factor for postpartum persistent uterine infection diagnosed by cytological examination at W5 and W7. Veterinary practitioners should monitor for pre and postpartum variations in blood metabolite concentrations and BCS in cows since such variations might render cows more susceptible to uterine infection.
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